This review examines the rate constants for hydrolysis in water of 12 classes of organic compounds with the objective of using these data to estimate the presistence of these compounds in freshwater aquatic syslems. Pri· mary data were obtained by literature review through mdst of 1975 and some of 1976. These data, which include values for acid, base, and water promoted rate constants (kA, kB' kN) and temperature coefficients are presented in 18 tables in section 4. Estimated rate constants for hydrolysis under environmental conditions are presented .in 13 tables in section 5, including rate constants at 298 K and pH 7 for acid, base, and water promoted reactions together with values for the estimated rate constant (k h ) and the half-life (t l / 2 ).
. Many millions of pounds of synthetic organic compounds are deliberately introduced into the environment for weed and pest control, and many milium; uf pounds of other chemicals are introduced into the environmental through dispersive uses.
The effects on the biosphere of these often persistent, often biologically active synthetic chemicals are only now becoming fully apparent: fish kills, species extinction or enervation, and perhaps as many as several hundred thousand human cancers per year have been associated with the increasing production and dispersion of synthetic chemicals [3] . In an effort to avert further, and perhaps tragic, biological consequences of a continuing and unrestricted discharge of chemicals to the air, water, and soil, thp gnvernmpnt hegan some years ago to regulate the manufacture and use of selected compounds, such as DDT, which had been shown to be exceptionally hazardous to the biological environment. The Toxic Substances Control Act of 1976 is one further step toward regulating the introduction of hazardous chemicals into the environment.
Fortunately, the environment has the capacity to cleanse itself of many kinds of chemicals through a variety of chemical and biological processes. An understanding of this process. especially how rapidly the environment can degrade a specific chemical structure to a simpler and potentially less harmful chemical, is a key to the rational use of natural resources with minimal abuse. The ability to predict the proba-,hIe fate of specific compounds in the environment is also essential for screening the thousands of chemicals that may be considered for applications leading to their ultimate introduction into water, soil, or air.
The objective of this review is to provide one kind of predictor of environmental fate-hydrolysis of organi.:: compounds· in freshwater systems-based on the best available kinetic data for hydrolysis in water. I Fig~es in brackets indicate literature references at the end of each section or subsectIon. J . Phys 
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. 10 . Phosphonic acid esters, dialkyl phosphonates .. . 5.11 . Phosphoric acid and thiophosphoric acid esters . 5 . 12 . Dialkylhalophosphonates and phosphorates .... 5 . 13 . Acylating and alkylating agents and pesticides .. There are at least two reasons why hydrolysis may be a significant chemical process in the environment. First, many hydrolyzable chemicals, including pesticides and plasticizers, eventually find their way into groundwater, streams, and rivers through leaching and runoff. Second, rates of hydrolysis in aquatic sY,stems are independent of commonly used but rapidly chang~able indicators of the degradative capacity of . aquatic systems, such as sunlight, microbial popul~tion!'1., ~nrl oxygen supply; rates do depend on pH, temperature, and concentration of chemical-properties that may change only slowly and seasonally.
In undertaking a review of this kind, which claims to predict rates of hydrolysis in aquatic (freshwater) systems on the basis of laboratory data, we are aware of the belief that such estimates are of little value because the rates of hydrolysis obtained in laboratory studies do not reflect the complexity found in the environment. This concern, although understandable, is not well founded. There are several examples where rates of hydrolysis have been measured in both pure and natural waters and which showed good agreement between the two kinds of measurements for a variety of chemical structures r 4, 5, 6] providing that both pH and temperature were measured.
Another objection raised occasionally concerns the validity of the extrapolation of data for hydrolyses measured in the laboratory at concentrations of chemicals that often exceed 0.01 M to environmental conditions where typical concentrations of trace organics rarely exceed 10-6 M. The apparent implication of this concern is that at high dilution other complications may arise but in fact it is axiomatic that rate processes found to he simple at high concentrations remain so at low concentrations; mor~ovcr, with only one exception, the rate laws for hydrolysis reviewed here show a simple fi'rst~ order dependence on the chemical. Thus the actual half-life of the chemical is independent of its concentration and depends only on easily and accurately measurable parameters like pH and temperature.
For these reasons we believe that in most cases extrapolation from laboratory to field site is relatively uncomplicated and that estimates of persistence summarized in section 5 provide valuable information on the upper limit for persis· tence of hydrolyzable dissolved organic compounds. From these estimates it should be possible to also assess possible effects of intervention by other environmental processes. Thus, if field measurements of the half-lives (persistence) of specific chemicals depart significantly (by factors of 5 or more) from those predicted in section 5 after taking into account differences in pH and temperature, then some other process such as biodegradation, or photolysis or insolubilization may have changed the measured half-life. These estimates apply only to chemicals dissolved in water; in most cases any suspended or oil solublized chemicals will hydrolyse much more slowly than predicted.
OnlyrecentIy has there beeullluch il1lere~l iu measuring or estimating the rates of hydrolysis of organic compounds under environmental conditions which include very dilute solute concentrations in pure or natural waters in the pH region 4 to 8 at or below 298 K. In the absence of much environmentally-nintended" data, this review has drawn upon a large amount of hydrolysis data from studies concerned wIth kinetics and mechanism. Some of these data were obtained from experiments in mixed solvents, or at high temperatures (to 393 K) or extreme pH values, and often lack data on temperature dependence.
In some cases data are given for compounds which are not of environmental concern; however these data do describe the range of rate constants for the class of compounds and make it possible to estimate the rate constant{s) for and persistence toward hydrolysis of organic compounds not included in this review.
We hope this review will stimulate more and better studies of hydrolysis of synthetic chemicals in water under carefully . defined conditions, both in the laboratory and in the field, to supplement the data presented here and further validate the concept that careful laboratory studies on. individual processes can accurately predict the fate and persistenc~ of chemicals in the environment.
Content.of This Review
This review provides information on kinetics of hydrolysis in water of 13 classes Dr organic structures, with sufficient detail within each class to enable the reader to find either the specific compound or one dose enough to estimate reliabJy the rate constant(s) for hydrolysis. 
Error Analysis
Because many different kinds of experimental procedures are used to measure hydrolysis reactions, no one error analysis procedure is applicable to all·sets of data. Rate constants for hydrolysis of most compounds appear to be of high precision, often with less than 2% standard deviation. Different investigators have reproduced individual rate constants to within ±50%. Some sets of experimental data are reported with error limits that involve a judgmental factor in selection of data. These error limits may be considered equal to twice the standard deviation.
Most experimental measurements of E or Mr are made over temperature spans of 40-80 K and usually around 345 K. Benson's urule" [1J indicates that with a random error of 2% in rate constant k, activation energy E may be deter~ mined with an accuracy of about 5%; however, with a random error of 10% in k, E is only accurate to 100% Dr a factor of 2. Put another way, if E is known only with an accuracy of ±10%, k is known only with an accuracy of ±60%.
Values for kh estimated in section 5 at 298 K are probably not more accurate than a factor of 2 (±lOO%)or less accurate than a factor of 5 (±250% ) owing to uncertainties in pH, temperature coefficients, and, in some cases, solvent effects.
1.A,. Literature Sources
A thorough search of the current literature through 1975 was made using Chemical Abstracts. Data were searched under the major subject headings for specific compounds. 1.5. Format The review is divided into five sections; to assist the user, references are renumbered as appropriate within each section. Although every effort has been made to use a consistent format throughout, some differences among tables are unavoidable owing to differences in the kinds of compounds and the reliability of data available for various compounds.· 
Hydrolysis Kinetics

Rate Laws
Hydroly·sis refers to reaction of a compound in water with net exchange of some group X with OH at the reaction center:
The detailed mechanism may involve a protonated or anionic intermediate or a carbonium ion, or any combination of these intermediates. But whatever the mechanism, the rate law for hydrolysis of substrate RX usually can be put in the form
where kB' kA' and kN' are the second-order rate constants for acid and base catalyzed and neutral processes, respectively. (2) From the autoprotolysis water equilibrium, eq (3), eq (2) may be rewritten as eq (4).
.
Effect of pH
From eq (4) it is evident how pH affects the oveiall rate: at . high or low plI (high OH-or H+) one of the first two terms is usually dominant, while at pH 7 the last,term can often be most important. However, the detailed relationship of pH and rate depends on the specific valuelS of k B , kA, anJ k N • At any fixed pH, the overall rate process is pseudo first order, and the half-life of the substrate is independent of its concentration:
Equation (4) is conveniently expressed graphical1y as three equations-one each for. the acid, base, and neutral hydrolysis reactions-in which log kh is plotted against pH. The curves obtained are especially useful for estimating the effect of acid or base on the rate of hydrolysis. Figure 1 depicts a typical log kh vs pH plot for compounds which undergo acid, . water, and base promoted hydrolysis. It is obvious from eq (4) that the upper curve in figure 1 (6) (7) (8) Use of intercepts in tabulating data on rates of hydrolysis as a function of pH greatly simplifies the task of estimating the effect of pH on the rate constant k,. for a specific compound. For example, INB for alkyl halides lie above pH 11. Obviously, the base-catalyzed process for hydrolysis of alkyl halides is never of concern in estimating persistence in aquatic systems. Values of IAN, INB , and lAB are tabulated for specific compounds in section 5.
Effect of Temperature
Section 5 reports estimated half-lives at 298 K based on rate data listed in section 4 at several different temperatures and with temperature coefficients for the rate constants. w. MABEY 
AND T. MILL
The effect of temperature on the rate constant for a specific hydrolysis process can be expressed in several ways, all of which are variants of the general relation log (kls-1)=-AIT+B log T+C. (9) There is no uniform practice for expressing values of A, B, or C; different investigators have used different "versions of eq (9), usually in more familiar Arrhenius or absolute rate theory format log (kls-1)=log A-EIRT Arrhenius (10) log (kls-1)=log (kT mlh)-IlIf'IRT+ llstlR Absolute (ll) Rate Theory Equation (9) can also be used to describe more accurately the effect of temperature on the rate constant and activation parameters by inclusion of a heat capacity contribution in the constants Band C. When the heat capacity term, llC;, is known or can be estimated, lllf' and llfr are then calculable at a specific temperature, T2 , from AIl! and AS: or ~and llSi-
AS;.,=llS!+2.303 llC: (log T 2 ) A few authors have expressed rate parameters for a reaction in the mixed terms of E and·llS*'. Although such a practice is not immediately useful within the individual Arrhenius or absolute rate theory treatments, the rationale appears to be that llS*'and E are more easily conceptualized for diagnosis of the reaction mechanism.
Recasting of data to fit a uniform temperature dependent relationship might assist in mechanistic interpretations; however, the probable loss of precision for some data argues against such a practice. Therefore this review uses the original temperature dependence relationships developed for each compound to extrapolate rate constants to the chosen environmental temperature of 298 K.
Each table of data in section 4 lists the appropriate temperature coefficients together with values of coefficients in apprupriaLt:: uuiL:s. For a few compounds where no temperature coefficients were determined and the reported data are not at 298 K, we have extrapolated to 298 K using a stated tf'mper::ltl1re coefficient? haserl on ::t "imi1::tT reaction with known temperature dependence relationships. In a very few examples where data are reported within ±S K of 298 K, we have used the data without further correction.
• .4. Ionic Strength and Buffer Effects on Hydrolysis
The ionic strength of most natural freshwater"is quite low, usually much less than 0.01 M" in total cation and anion concentrations (see diet: they can lead either to rate acceleration or retardation, depending on the substrate, the specific salts, and their concentration. Salt effects of this kind are associated with changes in activity coefficients of ionic or polar species or transition states with significant charge separation; no bond making or breaking is involved in such interactions. Table 3 .1 which lists some effects of different non-nucleophilic salts on the hydrolysis of several kinds of compounds, shows that in most cases rather massive amounts of these salts cause only 30-40% changes in rate constant. Concentrations necessary to effect these rate changes are found only in ocean or brackish waters or in highly buffered laboratory experiments. Another effect of nucleophilic added salts is to accelerate the rate of hydrolysis by a general acid or general base promoted process (where H+ or OH-promoted reactions are specific acid or base processes). Some anions can effect displacement of leaving groups more rapidly than water (kN) and in doing so catalyze hydrolysis via "the sequence
The use of nucleophilic anions such as phosphate or acetate region uom pH 5 to 9. As a result, the value of kh may increase significantly. for specific ions in displacement reactions. However, the fact that primary and secondary salt effects also may be important makes it difficult to predict the overall direction or magnitude of such rate changes.
To ensure that hydrolysis measurements reported in buffered systemS! are not subject to these salt effects, the following procedures are recommended:
(1) Measure rates ()f hydrolysis at concentrations of substate less than 10-4 M. In most cases this procedure eliminates or minimizes the need for buffers and avoids their possible effects on rate.
(2) Check the effect of different buffers on the rate of hydrolysis; when possible use borate or acetate )nstead of phosphate. With low concentrations of chemicals buffers may be used at 0.01 M concentrations to hold pH constant without introducing significant salt or buffer effects.
(3) Compare the initial rates of hydrolysis in the absence and presence of buffers.
Effect of Solvent Composition
With a few exceptions, rate data reported here refer to water solvent. Many investigators have used mixed waterorganic solvents to work at conveniently high concentrations of substrate, most of which are relatively insoluble in pure water. Although extrapolation of rate data from mixed solvents to water can be done with moderate success using schemes like the Winstein-Grunwald relation [6] , combined extrapolations of temperature and solvent composition together with the questionable meaning of pH in mixed solvents introduce sufficient error in the final estimate to make such effort of questionable value for purposes of this review. For the most part, these data were not, included.
The effect of solvent composition is most pronounced in those reactions in which charge separation is well developed in the transition state, as, for example, in solvolysis of t-butyl chloride. In ethanol-water mixtures this hydrolysis is purely :5olvolytic-no effect of acid or ba:se its nULed. 
Effects of Metal Ion <:atalysis
A number of alkaline earth and heavy metal ions catalyze hydrolysis of a variety of organic esters [7, 8] . The principal function of the metal ion appears to be to increase the effective concentration of HO-ion at pH levels where its concentration would otherwise be negligible [8, 10] . This explanation is by no means universally_ applicable, especially to enzymelike processes where prior complexation seems' a necessary prelude to bond cleavage. Nonetheless, the kinetic features of several kinds of esters hydrolyses are similar, and they follow the same rate law where k,., kN' and kB have their usual significance, kM is the metal ion catalysis constant, M is the total metal ion concentration, and KA is the equilibrium constant for dissociation of the hydrated metal ion complex M(H20)~+:
Study of the hydrolysis of the nerve agent isopropyl methyl phosphonofluoridate showed that Cu, Mn, and Mg ions were effective catalysts for hydrolysis and at 10-2 M concentration increased the values of kh by factors of 7 to 32, respectively [9] . The magnitude of the catalytic constants suggests that at 1 ppm ("\., 10-6 M) of each of these cations, their contribution would be negligible.
Similarly, the catalyzed hydrolysis of propionic anhydride by Co and other metal ions [10] may be shown to be slow relative to the water reaction at pH 7 when the Co concentration is less than 10"5 M, a value fQ,r in excess of the amounts of Co ever found in the environment. Cu ion is also an effective catalyst for hydrolysis of many dialkyl thiophosphorolate esters but is completely ineffective when complexed to soil organics [11] . When complexed to montmorillonites, however, Cu ion was still effective. A rough caiculation from the data indicates that at concentrations of Cu (total) found in most freshwaters, about or less than 1 ppm [12] , the contribution of the catalyzed reaction to the observed rate is negligible, even if all of the Cu is assumed to be in an effective form, an unlikely situation.
There is one report by Ketelaar et al. some 20 years ago [13] that does suggest that Cu is effective in catalyzing hydrolysis of parathion at Cu concentrations below its limits of detection; only by completely removing all traces of metal ions with EDT A was it possible to measure the uncatalyzed process in glass vessels. The effect of EDT A was small, only a factor of two, but it may mean that some reported rate constants for hydrolysis of other phosphorus esters have in fact a small metal-ion catalyzed component.
In general, we believe that metal ions do not playa signifi cant role in most hydrolysis reactions that occur in the environment; at the concentrations of metal ions normally found, the catalyzed rates are too small,to contribute importantly compared to the acid, base, or water reactions; moreover, most metal ions are probably tightly complexed to natural organics and are not available as catalysts. Obviously, this area deserves much more careful study before the question can be decided fully. As a start, heavy metal concentrations inwater should be reported both as soluble and insoluble metal based on
References for Section 3 dThese data are in good agreement with those of Shvets and Belyaev [9] in the temperature range 323-363K.
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Epoxides
Epoxides hydrolyze to give diols in acid, neutral, or base catalyzed reactions. Published rate constants for hydrolysis in water hy one or more of these 'processes are availahle for a few simple aliphatic epoxides. Since these compounds are quite reactive, most rate measurements were made near 298 K. In general, there: i5 little effect of I)tructUle iu terlllinal epoxides on the neutral or base catalyzed processes, both of which proceed mainly by nucleophilic displacement at the terminal carbon; for these epoxides l07k r S.7±3.4 and 104kB=0.8S±O.2. However, acid catalyzed hydrolyses are very sensitive to substitution of an incipient carbonium ion. These same epoxides have values of kA that increase by a factor of 6 on addition of one methyl group and 100 on addition of a second methyl group. The presence of halo or hydroxy substituents heta to the secondary epoxy-carhon slows down the rates of hydrolysis significantly. Aromatic or conjugated epoxides are much more reactive than aliphatic epoxides toward acid or water, often by facton) u[ lO~ lu lOs. Rate constants for acid,. base and water promoted hydrolyses of aliphatic and dihydroaromatic epoxides are listed in table 4.7. Table 4 . 7 . Epoxides: rate constant kA' kB' and ~ and temperature coefficients log k = log A -(E/RT) or log k = log (ek/~ + log T + (~S~/R) - The hydrolysis of esters has been the subject of a recent excelleni review [16] . The hydrolysis of esters is acid and base catalyzed, and for some compounds the water promoted reaction is also important. Limited data are avaiJable for evaluation of the acid' catalyzed reaction in dilute acids (less than ""0.1 M [H+], pH= 1). The data listed in table 4.8 indicate that, in general; the reaction is little affected by steric or electronic influences in the ester structure; for most esters, 1 ()4k A = 1.0±0.5 at 298 K. The base catalyzed process has been extensively studied. Steric factors significantly retard kB' with the rate constant two orders of magnitude less for t-butyl acetate than for methyl acetate. Electron-withdrawing groups on either ester moiety increase kB by making the ester carbonyl more susceptible to nucleophilic attack with subsequent displacement of the alcohol. In 50me cases, the ester i!3 so activated that the neutral reaction with water is more rapid than the acid catalyzed process at low pH. 
I
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-- Little work has been carried out in water as the sole solvent for aromatic ester hydrolyses, primarily because of the ·low solubility of these compounds in water. Consequently, cosolvents with water such as dioxane, ethanol, methanol, and acetone, among others, have been used to expedite laboratory studies. Data listed in table. 4.9 indicate that increasing amounts of organic cosolvent decrease rate constants leA and k B • Unfortunately, these studies fail to examine pure water solvent but rates do not vary more than an order of magnitude in the solve~t compositions used. Whereas the base hydrolysis studies have often been carried out around 298 K, the slower acid hydrolyses were usually carried out at higher temperatures, but some temperature dependence data are av.ailable to calculate kA at lower temperatures. No data are available for water promoted hydrolysis reaction of aromatic acid esters. As with the aliphatic acid esters, kA is generally insensitive to structure variations, and kB is increased when electron-withdrawing substituents are present on the aromatic ring. Amides hydrolyze by acid and base catalyzed processes to carboxylic acids and amines. Simple amides are about 1000 times less reactive than simple esters in base catalyzed processes but about as reactive in the acid catalyzed process (see tables 4.8 and 4.10) . This reactivity pattern is consistent with the relative ease of removal of-OR, -NR 2 , and HN+R2 as leaving groups from the tetrahedral intermediate common to most acyl hydrolysis reactions. No neutral hydrolysis rate data are reported; probably as for simple esters the rate constants are too small « 1 0-9S-1) to measure. Structure-reactivity patterns for amides are much like those of esters (see section 4.3) . Table 4 .10 summarizes data for ~4 aliphatic acid amides and their C-or N-substituted derivatives, all measured at 348K. --80. 8 -- jAt 25°C, estimated ~rom 1Qg \ versus l/T plots given in reterence.6 (no primary data given).
Carbamates
Carbamates hydrolyze by acid, base, or neutral processes to give alcohols, amines, and CO2, probably via the intermediate carbamic acid. Carbamates are moderately reactive at 298 K, where most data are reported, exhibiting a range of rate constants (kB) that spans 8 powers of 10. The striking increase in reactivity toward OH-for carbamates having an -RNH structure is caused by a change in mechanism from one involving the usual addition of OH-to the carbonyl to one involving proton transfer from NH followed by loss of RO-to forman intermediate isocyanate: 
HYDROLYSIS OF ORGANIC COMPOUNDS
, b1e 4.11. Carbamates R1 0C(0)NR2 Rg : k A , ~T' ku at 298K and temperature coefficients a 10g k + ~S*/R + log T + 10.32 or Tog k = Z -E/RT. 1.41(-4) ; kB ca1culat~d from temperature coefficients is 4.6(-5) ; hMeasured at pH 6.5 , no contribution from kN; JAt 353K; kCalculated from data in reference 1; .lI.At 296K; other workers [1, 7] report 50 and 5.7, respectively, at 298K; on basis of agreement of data in reference (6,7) the data in table is preferred.
Phosphoric and Phosphonic Acid Esters
Pentavalent phosphorus forms a great variety of ester and amide derivatives, many of which have significant biological at.:LiviLy. The cholillesteJast:-illhiLiLillg prupt:rLit:s uf JUaHY uf these compounds have led to their extensive application as pesticides and to preparation of many candidate chemical warfare agents.
The chemistry of organic phophorus compounds has been reviewed extensively [1, 2, 3] . Hydrolysis of pentavalent phosphorus compounds proceeds by nucleophilic displacement at phosphorus or carbon, with formation of leaving groups such as RO-, R 2 N-, X-, RS-, or (RO}zP0 2 • Although almost all phosphorus ester hydrolyses exhibit promotion by OH-, only a few esters are hydrolyzed by acid or water promoted reaction.
Mechanisms of hydrolysis of phosphorus esters have also been examined extensively [1] [2] [3] [4] [5] [6] . Unlike carboxylic acid' derivatives, the phosphorus esters do not form pentacovalent .intermediates with water or OH-. Thus, reactions involving P-O cleavage must involve synchronous bond making and breaking between phosphorus and the entering and leaving groups.
Structure-reactivity relationShips among phosphorus esters are more complex than for simple carboxylic esters, but some generalizations are possible within specific classes. More elt~ctron-withdrawing substituents accelerate hydrolysis; bulky substituents retard hydrolysis; among substituents, those groups having the more acidic conjugate acids are better leaving groups and their esters cleave more rapidly.
Hydrolysis may involve C-O rather than P-O bond cleavage:
C-O cleavage is dominant for many acid and water promoted hydrolyses of esters; P-O cleavage is associated predominantly with base hydrolysis [4] [5] [6] . Thus, as pH is lowered, the mechanism, stereochemistry, and products change, usually with a decrease in overall rate of hydrolysis.
As expected for an Sn 1 or Sn2 process, displacement at carbon is most sensitive to steric constraints at carbon, to charge-stabilizing substituents, and to solvent. Thus, in hydrolysis of dialkyl alkylphosphonates (tables 4.12 and 4.13); . isopropyl is more readily hydrolyzed than methyl (by 12><) in the acid process, but the hydrolysis of isopropyl is much slower (by 1000x) in the base process. Similarly, solvent effects on hydrolysis are more marked for the acid or neutral process than for the base process (see table 4.14) .
Competition between P-O and C-O bond cleavage in neutral and acidic water has beenworked out in detail for methyl phosphates by Bunton and his coworkers [4] [5] . Table 4 .15 separates the rate constants for the two processes with the neutral, monoanion, and monocation species.
The pH dependence and kinetics of hydrolysis of phosphorus esters can assume complex forms owing to the formation of intermediate phosphorus acids that can catalyze hydrolysis of the parent ester, as, for example, with (RO}zP (O)F (table 4.16) . In other cases the species that hydrolyzes most rapidly is formed in a pree'quillibrium with HO-or H+., and the rate law exhibits a pH maximum, usually below pH 4 [6] . For these reasons, special attention must be given to control of pH and the effect of pH on rate should be clearly defined.
Unfortunately, many studies of hydrolysis of phosphrous esters were done in mixed solvents to facilitate solubility, and with limited or no study of the effect of pH. As a result, data summarized in tables 4.12-4.17 are incomplete in many ways, with some listings for hydrolysis in mixed solvents. Despite these shortcomings, where it is possible to compare rate constants measured in water by different investigators, the agreement is; s;urprisingly good: for example 7 four determinations of the value of kN for (EtO)3PO reported over a period of 75 years agreed within ±80-100% (table 4.14) . Also, the . precision within a single investigation is often very high <±10% on k. But however precise, if kA or kN is measured in' 50/50 dioxane/H 2 0 rather than pure water, it is likely that.k will be 20 times too small for accurate estimates of environmental persistence. kA and temperature coefficients log kA = log A -(E/RTfi' [7] . CHydrolysis product is ethanol. is Measured at 300 K. 
Rates of Hydrolysis: Estimates of Lifetimes Under Environmental Conditions
This section provides estimated rate constants kA' kB' kN' k h , and half-lives of organic compounds in hydrolysis reactions in water at 298 K and pH 7. Rate constants kA' kB , and kN for individual hydrolysis reactions were calculated at 298 K using the temperature coefficients tahluated in section 4 or were used directly if measured at 298 K; values of kh were calculated from eq (2), and half-live5 were calculated from cq (5) The data suggest the following generalizations about RX:
(1) The rate of hydrolysis is greatest when X is Br and least when X is F. Br is more reactive than CI by a factor of 5 to 10.
(2) Rate of hydrolysis increases as R goes from primary to secondary to tertiary in the ratio 1:1:1000 for CI and from primary to secondary in the ratio 1:20 for Br.
(3) Allyl groups enhance the rate of hydrolysis of primary X by a factor of 5 to 100; benzyl groups enhance the rate by a factor of 50. J bAssume that k changes by a factor of 1.9 for each SK cHange in temperature based on temperature coefficient for benzyl chloride. .410
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Epoxides
Epoxides hydrolyse rapidly at 298 K and pH 7 by a mostly water (neutral) promoted reaction to which the acid catalysed process contributes less than 10 percent of the rate; base catalysis is not detectable at pH < 10. -------- Estimates of persistence based on mixed-solvent studies are certain' to be too high, but for most simple aromatic esters lifetimes are long (over 5 years) and will remain long even in water solvent .. The extensive use of these compounds and their widespread occurrence in the environment requires some reliable data on their rates of hydrolysis as a function of pH and temperature in water. With the exception of a few halogenated acetamides, most amides hydrolyze to acids extremely sl9wly at 298 K and pH 7, with half-lives measured in centuries. Electronegative groups on carbon or nitrogen greatly accelerate base catalyzed hydrolysis, but alkyl groups on nitrogen retard both acid and based catalyzed processes. No neutral (water) process is evident in hydrolysis of amides, and the competition between acid and base catalyzed hydrolyses is important at pH 6"'"'7. Data for some representative amides are summarized in table 5.8. 
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Carbamates
Rate constants for hydrolysis of carbamates have been measured at 298 K, and in most cases only kB is reported; a limited number of values for kA and kNsuggest that for many carbamates the base catalyzed process will be dominant. 
5.6~2. Phosphoric Acid and Thiophosphoric Acid Esters
Hydrolysis rate data for phosphoric acid esters are incomplete in many ways; those esters listed in table 5.11 have been extensively investigated, and it is evident that in almost every case neutral hydrolysis is the dominant process at pH 7. Lifetimes for phosphate esters are shorter than for phosphonates by a factor of 100 or more. Table 5 .11 summarizes data for 11 phosphoric and thiophosphoric acid esters. ~/s-' t~ Table 5 .l2 summarizes the available data on hydrolysis of phosphoric acid halides in water. These compounds hydrolyze via base-catalyzed reactions and have very short halflives under environmental conditions. Exceptions are noted for alkylamino-substituted phosphonohalidates, which appear to be persistent. More detailed studies in water at moderate pH are needed to verify this conclusion. (ethylen~imine) and methoxychlor, all the compounds have short half-lives in water, the longest being 7 h. Captan was studied both in pure and natural waters and found tq have the same rate constant. Table 5 . 13 . Acylat~ng and_alky1ating agent8 and pesticides:
Acylating and Alkylating Agents and Pesticides
~ and tl at 298K and pH 7.
-n '2 Compound CH 2 CH 2 S(02)
